An extract of the endophytic fungus Nigropsora sp. (isolate TC2-054) from the Canadian medicinal plant Fragaria virginiana exhibited significant antimycobacterial activity against Mycobacterium tuberculosis H37Ra. Bioassay guided fractionation revealed that linoleic acid derivatives and the plant hormone (+)-abscisic acid (ABA) were responsible for the observed antimycobacterial activity. This activity of ABA has not been previously reported.
Endophytic fungi are increasingly being recognized as an important source of bioactive natural products [1] and the biosynthetic potential of endophytes isolated from medicinal plants has recently been highlighted [1f] . As part of our research on Canadian medicinal plants, we have so far isolated 81 endophytic fungi from a selection of twelve plants that have been used therapeutically by the First Nations peoples of the Canadian Maritimes [2] . Antimicrobial screening of this endophyte library indicated that an extract of the spent fermentation broth of Nigropsora sp. isolate TC2-054 obtained from the medicinal plant Fragaria virginiana exhibited significant antimycobacterial activity and, therefore, warranted further investigation.
The EtOAc extract of a bench-scale (2 L), two-week fermentation of TC2-054 was subjected to a modified Kupchan partition protocol with the n-hexane and CH 2 Cl 2 fractions showing significant activity towards M. tuberculosis H37Ra. NMR analysis of the n-hexane fraction showed it to contain significant amounts of linoleic acid derivatives that are known to exhibit antimycobacterial activity [3] and was not further fractionated. However, normal phase HPLC of the CH 2 Cl 2 fraction led to the isolation of (+)-abscisic acid [4] (ABA; 6.5 mg/L; Figure 1 ) as the only antimycobacterial constituent [M. tuberculosis H37Ra; MIC: 200 μg/mL; IC 50 ( SD): 40.8  3.7 μg/mL). LC-MS screening did not detect ABA in a F. virginiana extract prepared from leaves collected at the same time as those used for the isolation of the Nigrospora sp. The role of ABA as a plant stress hormone has been well documented since its isolation in 1961 [4a] . More recently, it has been shown to be involved in a wide range of developmental physiological processes in higher plants [5a] and found also to be produced by lower plants, lichens and fungi [5b], including a species of Nigrospora isolated from a Thai sea-fan [5c]. Many of these fungi are recognized endophytes and phytopathogens [5b, d] and the production of ABA by these fungi may be a factor in the development and maintenance of plant-fungus relationships [5b]. ABA has recently been shown to be an important factor in fruit ripening in the strawberry, Fragaria ananassa [5e], posing intriguing questions relating to the role of endophyte derived ABA in F. virginiana.
The antimycobacterial activity of ABA has not been previously described, and although it exhibited only moderate activity against M. tuberculosis H37Ra, it did not show any observable toxicity to mammalian cells; no difference in viability was observed between HEK293 cells treated with abscisic acid (at concentrations up to 250 μg/mL) and the corresponding vehicle controls [analysis of 250 μg/mL data: t-test, F = 0.052, P = 0.83, 4 d.f. and Mann-Whittney, U = 6.0, P = 0.70; mean cell viability ( SD) 93  10% compared with negative control]. Given its low toxicity to human cells, further work should focus on defining the mode of action of ABA against mycobacteria as it may reveal a selective cellular target that could be exploited in future tuberculosis drug development.
Experimental

Isolation and identification of Nigrospora sp. (TC2-054):
Endophytes were isolated from the leaves of Fragaria virginiana Duchesne collected from the wood-lot on the UNB campus in Saint John, New Brunswick, Canada (N 45° 18.375' W 66° 05.616') in August 2010. Plants were identified by Dr Stephen Clayden of the New Brunswick Museum and a voucher specimen has been deposited in the New Brunswick Museum Herbarium (Number: NBM VP-37478). Leaf surfaces were sterilized by immersion in 5.25% aqueous sodium hypochlorite for 5 sec, sterile distilled water for 10 sec and 70% EtOH for 15 sec. The sterile tissue was rinsed with sterile distilled water, blotted dry on an autoclaved paper towel, and aseptically cut into pieces that were placed onto 2% malt extract agar and incubated at ambient room temperature. Endophytic fungi were subcultured on 2% malt extract agar until pure cultures were obtained. Isolate TC2-054 was identified taxonomically as Nigrospora sp. through examination of colony and NPC Natural Product Communications spore morphology, with the taxonomic classification being confirmed by comparison of the internal transcribed spacer and 5.8S rRNA gene (ITS) DNA regions with corresponding sequences available in the GenBank database (NCBI, US Government), as previously described. The sequence data derived from isolate TC2-054 has been submitted to GenBank and assigned accession number KC916673.
Biological assays: Anti-mycobacterial activity against M. tuberculosis strain H37Ra (ATCC 25177) and cytotoxicity against HEK 293 was evaluated as previously described [6] .
Fermentation and extraction: TC2-054 was fermented in 2% malt extract broth at room temperature for 2 weeks (2 L; 20 ×100 mL batches in 250 mL Erlenmeyer flasks). The fungal material was separated from the broth using vacuum filtration, and the broth was extracted with EtOAc (3×300 mL). The organic fraction was concentrated in vacuo to give a crude extract (79 mg).
Bioassay guided fractionation:
The crude extract (79 mg) was dissolved in 9:1 MeOH/H 2 O (50 mL) and extracted with hexanes (3 × 25 mL) before being diluted with H 2 O (25 mL) and extracted with CH 2 Cl 2 (3 × 25 mL) . The aqueous fraction was concentrated in vacuo, dissolved in H 2 O (50 mL) and extracted with EtOAc (3 × 25 mL) and n-BuOH (3 × 25 mL) . The 5 partition fractions were concentrated in vacuo with the CH 2 Cl 2 fraction (46 mg) showing strong bioactivity. The CH 2 Cl 2 fraction (46 mg) was subjected to normal phase HPLC (1:1, hexanes/EtOAc) to give 1 (13 mg)
Extraction and LC-MS screening of Fragaria virginiana:
Freezedried ground plant material (20.5 g) was extracted using a Soxhlet apparatus for 11.5 h with MeOH (200 mL). The crude extract was then concentrated in vacuo to give a green oil (6.54 g). The crude extract (0.5 mg/mL in MeOH, 20 L injections) was subjected to LC/MS using a Phenomenex Kinetex C18 column (50 x 4.60 mm, 2.6 μm) eluted with a 0.1% formic acid H 2 O/MeOH gradient (1 min at 95:5 H 2 O/MeOH, 7 min linear transition to 1:99 H 2 O:MeOH for a further 7 min) at 500 μL/min on an Agilent 1100 LC system coupled to an AB Sciex API 2000 triple quadrupole MS (TurboIonSpray source run in positive mode). The presence of ABA was analyzed by selected reaction monitoring of the pseudomolecular ion (m/z 265) to dehydrated product ion (m/z 247) transition. Under these conditions, an ABA standard eluted with a retention time of 6.6 min and was detectable in MeOH solutions at a concentration of ≥ 25 ng/mL. No peak corresponding to ABA was observed in the F. virginiana crude extract. Subsequent coinjections of the crude extract and ABA standard confirmed that ABA would be detectable at ≥ 100 ng/g in the crude extract.
